Electromigration activation energy is measured by a built-in sensor that detects the real temperature during current stressing. Activation energy can be accurately determined by calibrating the temperature using the temperature coefficient of resistivity of an Al trace. The activation energies for eutectic SnAg and SnPb solder bumps are measured on Cu under-bump metallization (UBM) as 1.06 and 0.87 eV, respectively. The activation energy mainly depends on the formation of Cu-Sn intermetallic compounds. On the other hand, the activation energy for eutectic SnAg solder bumps with Cu-Ni UBM is measured as 0.84 eV, which is mainly related to void formation in the solder.
I. INTRODUCTION
To meet the demand for high-performance microelectronic devices, miniaturization processes continue to scale down solder-bump pitch and diameter. 1 This has resulted in a dramatic increase in the current density in flip-chip solder bumps. Recently, the electromigration (EM) of flipchip solder joints has been realized as a serious reliability issue 1,2 because it can lead to failure due to interfacial void formation and large intermetallic compound (IMC) formation inside solder joints. [3] [4] [5] [6] [7] Furthermore, because of the combination of the serious current crowding and the Joule heating effect, which cause a nonuniform temperature distribution inside solder joints, 8 it is difficult to predict the failure time of flip-chip solder joints. Choi et al. 9 found that the measured mean time to failure (MTTF) was much smaller at higher current density than the values calculated from Black's equation. They proposed that Black's equation should be modified due to the serious current crowding and the Joule heating effect during current stressing.
According to Choi et al., the MTTF equation can be represented as
where MTTF is the current stressing time until failure, A represents a constant that contains a factor involving the cross-sectional area of the joints, j is the current density in amperes per centimeter squared, n is a model parameter for current density, Q is the activation energy, k is Boltzmann's constant, T is the average temperature of the bump, and D T is the temperature increase in the solder joint due to the Joule heating effect. The measurement of real temperature is critical in determining the activation energy, since the temperature and activation energy are both located in the exponential term. Several studies have measured activation energy without calibrating the real stressing temperature, [10] [11] [12] while others have tried to measure bump temperature by placing a thermocouple or temperature crayon on the surface of a Si die, 10 although these measurements may deviate from the bump temperature. On the other hand, Gee et al. calibrated bump temperature using a special Al trace design to measure the nearest stressing solder bump temperature. Using the temperature coefficient of resistivity (TCR) of the Al trace, their method is able to calibrate temperature more precisely than others. However, they used a daisy-chain structure that cannot monitor the change in the resistance of a single bump; therefore, the failure criteria they used may not be able to detect the first stage of failure in a solder bump. 13 The definition of electromigration failure can also influence the measurement of activation energy. In general, failure is defined as a 10-20% increase in resistance to Al and Cu interconnects. Most EM studies of solder joints perform electromigration testing using daisy-chain structures that include solder bumps, Al traces in Si dies, and Cu lines on the substrate. Several factors may contribute to an increase in resistance, including void formation, IMC formation, and phase separation in solder bumps. Voids may form in the Al traces on the chip side if daisy-chain structures are used.
Since the cross-sections of Al traces are about two orders of magnitude smaller than those of solder bumps and Cu lines, the resistance of Al trace weights account for over 90% of daisy-chain structure. Furthermore, Al traces have also been reported to suffer electromigration damage during accelerated EM tests of solder bumps. 14 Therefore, the electromigration damage of Al traces may have a significant influence on the measurement of electromigration failure time and activation energy. Thus, it is necessary to determine a suitable approach to measuring activation energy so that the MTTF of solder joints can be predicted precisely.
This study uses the TCR of Al traces as a temperature sensor to detect the real temperature in solder bumps during current stressing. In addition, Kelvin bump probes were used to monitor the bump resistance during electromigration. 15 A failure criterion was defined as a 20% increase in the bump resistance over its original value. Microstructural analysis was performed to examine the failure mechanism to gain an understanding of the physics behind the activation energy.
II. EXPERIMENTAL
A test layout was designed to measure the resistance of solder bumps and the resistance of their neighboring Al traces, as shown in Fig. 1(a) . The solder joints consist of eutectic SnPb and SnAg solder bumps with electroplated 5-mm-thick Cu UBM, as depicted in Fig. 1(b) . A 0.3-mm Ti layer was sputtered as an adhesion/diffusion barrier layer between the UBM and the Al trace. Although the SnPb solder is forbidden due to a lead-free policy, it can be used as a comparison to Pb-free solders. The other set of samples consists of eutectic SnAg with 5-mm Cu/3-mm Ni UBMs, as illustrated in Fig. 1 (c), referred to in this work as Cu-Ni UBM. The diameter of the solder joint is 130 mm, with a 70-mm-high solder bump and a contact opening with a diameter of 85 mm on the chip side. The metallization on the FR5 substrate consists of 0.05-mm Au and 5-mm electroless Ni. The four bumps were connected by Al traces, and the six nodes were labeled from N1 to N6. Current was applied through nodes N3 and N4, as illustrated in Fig. 1(a) . The voltage change of bump B3 can be measured through nodes N5 and N6. In addition, the resistance for the middle segment of the Al trace between B2 and B3 can also be monitored during EM by nodes N1 and N6. To conduct the electromigration test, current stressing was carried out at 135, 150, and 165 C on a hot plate. A constant current of 0.8 A was passed through the bumps with Cu UBMs, producing a nominal current density of 7.0 Â 10 3 A/cm 2 . In contrast, a constant current of 0.9 A was applied through the bumps with Cu/Ni UBMs, producing a nominal current density of 7.9 Â 10 3 A/cm 2 because the electromigration resistance is higher in these bumps.
The TCR of the middle Al trace was calibrated before the electromigration test to allow it to serve as a temperature sensor. The Al resistance was measured at different temperatures by applying 0.2 A to the Al trace. Infrared (IR) microscopy confirmed that Joule heating was less than 1 C under this condition. Subsequently, the TCR of the middle Al trace could be obtained. Therefore, the real temperature was detected during an accelerated EM test by simultaneously measuring the resistances of the middle Al trace during detecting the bump resistance in an EM test.
The electromigration failure criterion here is defined as a 20% increase in the original resistance of the bump with downward current stressing. The microstructure of the solder bump was examined by a scanning electron microscope (SEM; JEOL 6500, Tokyo, Japan). A backscattered electron image obtained by SEM was used to examine the morphology of the cross-sectioned SnPb samples and the intermetallic compounds. Furthermore, the compositions of the solder joints and the IMC were analyzed quantitatively by energy dispersive spectroscopy (EDX). Cu-Sn and Ni-Sn IMCs may be ternary Cu-Ni-Sn IMCs with small amounts of Ni and Cu; this possibility will be discussed later. The electromigration damage generally occurred on the chip side due to serious current crowding in that area. In this study, electromigration failure is defined as the bump resistance increasing by 20%. This definition ensures that the measured electromigration failure time is only related to electromigration damage in the solder bump, excluding the occurrence of EM damage in Al traces and Cu lines.
III. RESULTS AND DISCUSSION
In solder joints with Cu UBMs, tiny voids are formed and the Cu UBM is consumed after electromigration failure. Table I lists causing the voids to start to form, and higher temperatures also induced rapid dissolution and migration of Cu to the substrate side. Both IMC and void formation contribute to the increase in bump resistance.
For electromigration in the SnPb solder joints, phase segregation also takes place in addition to IMC and void formation. Figures 4(a)-4(c) show the cross-sectional SEM images for bumps stressed at 135, 150, and 165 C, respectively. Similarly, the bump resistance increased 20% over its original value. The Cu UBM was consumed in the current crowding region on the upper left corner, but there was residual Cu far away from the current crowding/ hot spot region. The rate of Cu consumption in SnPb solder appears to be lower than that in the SnAg solder due to the lower solubility of Cu in SnPb solder. 16 In addition, the IMCs migrated to the substrate side. Therefore, tiny voids formed at the interface of the Ti layer and the solder. Phase segregation of Sn-rich and Pb-rich phases in the solder bump might contribute a few percentage points to the increase in resistance. 17 Phase separation is not clear under current stressing at 135 C, as shown in Fig. 4(a) . Pb atoms are the dominant diffusion species when the testing temperature is higher than 150 C. Therefore, distinct phase separation can be observed in Figs. 4(b) and 4(c) but not in Fig. 4(a) . In short, similar to SnAg bumps, IMC and void formation accounts for most of the increase in resistance. A different failure mechanism was observed in the SnAg/Cu-Ni solder joints during electromigration. Figures 5(a) -5(c) depict the failed bump stressed at 135, 150, and 165 C, respectively. For the bumps stressed at 135 C, no obvious consumption of Ni UBM was observed. Instead, voids formed at the interface of the Ni 3 Sn 4 and the SnAg solder. At higher stressing temperatures, the consumption of the Cu and Ni UBMs may be occasionally observed, as indicated by one of the arrows in Fig. 5(b) . As the stressing temperature increases, the consumption of Cu and Ni UBM becomes more obvious, as presented in Fig. 5(c) . However, void formation seems to dominate the electromigration failure in the SnAg/Cu-Ni system.
These results indicate that the Kelvin probes described here are able to detect the early damage of electromigration for various samples and different stressing conditions. In addition, the detected increase in resistance reflects some specific microstructural changes in solder bumps. In the Cu UBM system, the main failure mode is Cu consumption, whereas void formation is the major failure mechanism in the Cu-Ni UBM system.
The central Al trace was adopted as a temperature sensor to measure bump resistance. To ensure that the temperature in the central Al trace was very close to that of the stressed bump, IR microscopy was used to mea-sure the temperature distribution in the Al trace during current stressing. Figure 6(a) shows the temperature distribution in the central Al trace and in the Al pads directly above bumps B2 and B3 stressed at 0.8 A and 100 C. Because the width was as wide as 100 mm, the local Joule heating effect in the Al trace was not as great as that in the narrower traces. 8 The average temperatures in the five white rectangles were 109.2, 109.9, 109.9, 109.8, and 109.2 C. Figure 6 (b) also shows the Al pad and Al trace temperatures measured using IR versus stressing current. The temperature difference between the Al pad and Al trace increased with stressing current, reaching 1.83 C at 1.2 A. Under stressing conditions of 0.8 and 0.9 A, the temperature differences are less than 1 C. Therefore, this method using the central Al trace as a temperature sensor was able to detect bump temperatures during current stressing.
To accurately measure the Joule heating effect, the TCR of the central Al trace was calibrated in an oven. Typically, the TCR can be assumed to be linear and can be simply expressed as where R 0 is the resistance at 50 C, a is the TCR coefficient, DT is the temperature difference, and R is the resistance. To obtain the relationship between the resistance of the Al trace and the temperature of the Al trace, the resistance of the Al trace was measured at various oven temperatures to obtain the TCR coefficient, as shown in Fig. 7 . The TCR coefficient of the Al trace was obtained as 4.08 Â 10 À3 K À1 and 4.03 Â 10 À3 K À1 for SnAg and SnPb solders, respectively, with Cu UBM. On the other hand, the TCR coefficient was calculated as 3.95 Â 10 À3 K À1 for SnAg packages with Cu-Ni UBM. These values are very close to the value (3.9 Â 10 À3 K À1 ) of bulk Al. This approach can be used to obtain the real temperature during current stressing. For hot plate temperatures of 135, 150, and 165 C the real temperatures were measured as 157, 174, and 186 C, respectively, for the SnAg solders with Cu UBMs; whereas they were 150, 168, and 180 C for the SnPb solders with Cu UBMs. The temperatures were measured as 156, 170, and 184 C for the SnAg solders with Cu-Ni UBMs. These data are also reported in Table I . The real temperatures were about 20 and 16 C higher in the SnAg and SnPb solder bumps, respectively, compared with the hot plate temperatures. The reason for the higher Joule heating effect in SnAg packages is attributed to the thinner Si die. The die thickness of the SnAg and SnPb packages is 250 and 750 mm, respectively. Solder joints with a thinner die have lower heat dissipation ability than those with a thicker die. However, it remains unclear why the calibrated temperature would not increase with increasing hot plate temperature.
To measure the activation energy, at least six samples were stressed in each condition. The average failure time for SnAg solder joints with Cu UBMs was 358, 180, and 56 h at 157, 174, and 186 C, respectively. Activation energy for electromigration can be obtained using Eq. (1). Figure 8(a) shows the plot of ln(MTTF) against 10 À3 /T with uncalibrated and calibrated temperatures for the SnAg solder. MTTF is adopted as a measure of the average failure time in this study. The activation energy increased from 0.94 to 1.06 eV when the Joule heating effect was considered. Figure 8 times were 342, 144, and 83 h at 150, 168, and 180 C, respectively. The measured activation energy changed from 0.72 to 0.87 eV after the temperature calibration, and the difference was as large as 20%. On the other hand, in the SnAg/Cu-Ni system, the average failure times were 431, 173, and 105 h at 156, 170, and 184 C, respectively. The measured activation energy changed from 0.65 to 0.85 eV after the temperature calibration, as illustrated in Fig. 8(c) .
The difference in activation energy may have a significant influence on predicting MTTF in solder joints. For example, for SnPb joints with Cu UBMs at 100 C, the estimated MTTF (Ea ¼ 0.87 eV) was 110 times longer than that when Ea was taken as 0.72 eV from Eq. (1). Therefore, temperature calibration appears to be important in the measurement of activation energy. This approach also makes the physical meaning of activation energy evident. Since Kelvin bump probes were used to monitor the resistance in the solder bumps, the resistance changes solely originated from damage in the solder bump. Resistance changes in the wiring trace and in the contacts can be excluded.
As shown in Figs. 3 and 4 , both IMC and void formation contribute to increasing resistance. Thus, the measurement of activation energy mainly involves the processes of Cu-Sn IMC formation and void formation on the chip side. The resistivities for the Cu, SnAg, SnPb, and Cu 6 Sn 5 were 1.7, 12.3, 14.6, and 17.5 mO-cm, respectively. Therefore, the formation of Cu 6 Sn 5 IMCs increases resistance. On the other hand, the voids were tiny and were not discontinuous. It is speculated that these voids do not contribute much to the increase of resistance. Lee et al. 17 studied the solid-state reaction between solders and Cu UBM, reporting that the activation energy for the formation of Cu 6 Sn 5 IMC is 1.05 and 0.94 eV for eutectic SnAg and SnPb solders, respectively. These values are very close to the values reported in this study. Therefore, the measured activation energy of electromigration is mainly associated with the formation of Cu 6 Sn 5 IMCs.
However, the activation energy we obtained (0.85 eV) in the Cu-Ni UBM system is greater than the formation energy of Ni 3 Sn 4 IMCs, which is about 0.17 eV. 18 As shown in Fig. 5 , no obvious Ni consumption occurred during the early stage of electromigration. The electromigration was mainly associated with void formation. Therefore, the measured activation energy for eutectic SnAg with Cu-Ni UBMS is much greater than the Ni 3 Sn 4 IMC formation energy and is mainly related to void formation.
Note that the IMCs may be (Cu,Ni) 6 Sn 5 in the SnAg/ Cu and SnPb/Cu solder joints because the Ni atoms on the substrate side can rapidly dissolve into the solder and then form (Cu,Ni) 6 Sn 5 on the chip side. However, the EDX results show that no Ni was detected in the interfa-cial IMCs on the chip side. For the samples analyzed in Figs. 3-5 , the electron wind force pushes the Ni atom back to the substrate side, resulting in a low concentration of Ni in (Cu,Ni) 6 Sn 5 IMCs on the chip side. The resolution of SEM EDX is approximately 3%. Therefore, no Ni was detected in the interfacial IMCs on the chip sides of the SnAg/Cu or SnPb/Cu solder joints.
On the other hand, both (Cu,Ni) 6 (Cu,Ni) 6 Sn 5 at those spots. The IMCs at Spectra 5 and 6 in Fig. 9 (a) were analyzed as Ni 3 Sn 4 . It is in the initial stage of EM failure that most of the Ni UBM was not damaged, and thus only a few Cu atoms migrated downward into the solder. We speculate that there are still some Cu atoms in the Ni 3 Sn 4 IMC, but their concentration is too low to be detected by SEM EDX. When the stressing temperature was 165 C, the dissolution of the Cu-Ni UBM increased. Therefore, the Ni 3 Sn 4 IMCs were transformed into (Ni,Cu) 3 Sn 4 , as shown in Fig. 9(b) . The IMCs at Spectra 8, 14, and 15 were identified as (Ni,Cu) 3 Sn 4 , with a Cu concentration ranging from 5% to 16%. Their IMC compositions are (Ni 0.75 ,Cu 0.25 ) 3 Sn 4 , (Ni 0.66 ,Cu 0.34 ) 3 Sn 4 , and (Ni 0.85 ,Cu 0.15 ) 3 Sn 4 .
IV. CONCLUSION
In summary, this study provides an excellent approach to measure the activation of electromigration in flip-chip solder joints. Using Kelvin bump probes, the bump resistance can be measured accurately, and the electromigration failure is defined as a 20% increase in bump resistance. In addition, the Kelvin probes were also used to measure the resistance of the central Al trace. The measured activation energies were 1.06 and 0.87 eV for the SnAg and SnPb bumps with Cu UBMs, respectively. These values were about 20% greater than those measured without calibrating real temperatures in solder bumps and were close to the formation activation energies of Cu-Sn IMCs. The measured activation energy was 0.85 eV for SnAg bumps with Cu-Ni UBMs and the activation energy is mainly related to the void formation in solder.
